Introduction
default parameters were used to fit cubic splines with quadratic penalization functions in both 193 row and column dimensions. For a particular environment with plots arranged in m rows and n 194 columns, the number of knots used to fit splines was set to and , (⌊ ⌋ 2) -1 (⌊ ⌋ 2) -1 195 respectively. Fitted values generated by the SpATS model were used for subsequent modeling of 196 phenotypes across environments, as described in the section below.
197
Heritability for each trait/environment combination was estimated using the method of 198 Cullis, et al. [33] :
(1) 199 Where the generalized heritability ( ) is a function of the average pairwise prediction error ℎ 2 200 between pairs of genotypes within an environment ( ), and the genotypic variance ( ). Heritability estimates were calculated from the models fit by the SpATS package, and were 202 compared against the heritability estimates generated by a baseline model:
Where phenotypic response (Y i ) is a function of the within-environment mean (µ), the fixed 204 effect of the ith genotype (G i ), and residual error (ε i ). missense, or nonsense. For gene-proximal SNPs, the distance to the closest gene was recorded.
The use of spatially-corrected data tended to drastically increase generalized heritability 325 within each environment. The trait GW had the lowest mean generalized heritability, averaging 326 0.2 across environments for raw, uncorrected data, and 0.33 after performing spatial corrections 327 ( Table 1) . The trait TKW had the highest mean generalized heritability when using uncorrected 328 data , though heritability was slightly decreased when using spatially-corrected data (ℎ 2 = 0.95)
329
. When spatially-corrected data was used, TWT had the highest average heritability (ℎ 2 = 0.9) ( 330 . YLD had a moderate mean, across-environment heritability of 0.57 when calculated ℎ 2 = 0.95) 331 using uncorrected data, though this increased to 0.81 when using spatially-corrected data.
332
Pearson correlation coefficients were calculated for each pair of traits using the phenotypic 333 BLUPs ( Table 2) . Phenological traits (HD, FLSG, and MAT) all displayed a high degree of 334 intercorrelation. This was also the case for traits relating to grain size and density per unit area 335 (TKW, GSQM, SSQM, and SPH). For instance, the traits GSQM and TKW demonstrated a 336 strong negative correlation, as predicted due to trait compensation effects. Critically, only weak 337 correlation was observed between traits relating to grain size/density and phenological traits, 338 suggesting that these two classes of traits could be improved independently. YLD was most 339 highly correlated with the traits GW and MAT (positive), and grain protein (negative). The 340 negative correlation between yield and grain protein content has been well documented in the 341 past (e.g. [60] [61] [62] ).
343
Polymorphisms of major effect 344 An estimation of allele effects for the KASP markers assaying genes of known function 345 revealed that the stem rust resistance gene Sr36 and the sucrose-synthase gene TaSus2-2B 346 produced many significant differences among genotypes for multiple traits (S3 Table-B) . These two genes also consistently produced significant differences of similar magnitudes for the same 348 traits. The presence of the Rht-B1b and Rht-D1b dwarfing alleles produced significant effects of 349 opposite signs for many traits, including SSQM, TKW, and TWT. Effects were also of opposite 350 signs for HT and YLD, though in both of these cases the effects of Rht-B1b were not significant.
351
In general, many of the genes of known function did not produce significant effects within the Some potential reasons for these findings will be discussed below. biplot of the first two principle components. These two clusters were largely delineated by the 365 presence or absence of the 2G:2B translocation as determined by the Sr36 KASP assay (Fig 1-A; 366 similar results for TaSus2-2B not shown). In contrast, neither the 1BL:1RS nor the 1AL:1RS 367 alien translocations from rye (Secale cereal L.) produced any discernable clustering of genotypes 368 (data not shown). When the SNP data was thinned to remove SNPs in high LD with each other 369 (i.e. limiting the maximum pairwise LD between SNPs to r 2 = 0.2), the population stratifying effects of Sr36 and the underlying 2G:2B translocation were removed, and the first principle 371 component explained 3.68% of variation (Fig 1-B) . Linkage disequilibrium decay plots demonstrated significant LD extending out to large 382 physical distances. Notably, intra-chromosomal LD in the B genome extended much farther than 383 in either the A or D genomes (Fig. 2) Supporting Information S1 Table. List of germplasm tested in the study.
S2 Table. Description of traits examined in the study, with trait ontologies as described in http://www.planteome.org/ S3 Table. Design of KASP SNP assays for interrogating previously-characterized loci of major effect, and a summary of the allelic effects of these loci.
S4 Table.
List of genes overlapping significant SNPs and haplotype blocks, predicted protein translation effects for all significant SNPs, and list of all wheat genes with annotations in UniProt occurring within 2Mb of significant MTAs. 
